SUMMARY Hepatic urea synthesis is the organism's main channel for the disposal of nitrogen and it may be an 'essential' liver function. In six control subjects and five patients with cirrhosis of the liver urea synthesis was studied during continuous infusion for six to 24 hours of about 3 mmol a-amino nitrogen/h x kg body weight. 
Synthesis of urea is the body's major way of eliminating excess nitrogen. The enzymes catalysing the single steps of urea synthesis are found in virtually all tissues, but only in the liver in such quantities and intraorganelle localisations that the urea cycle is operational.' Only one patient with completely extinct urea synthesis has ever been reported,2 and a limited capacity for urea synthesis is frequently taken to play a pathogenetic part in hepatic encephalopathy.34 Thus urea synthesis may in itself be an 'essential' liver function-that is, essential for the sustenance of life and health.
The aim of the present investigation was to study urea synthesis in man after stimulation with amino acids, and to evaluate its relation to liver function.
Methods

SUBJECTS
The subjects were six control individuals with no sign or symptom of liver disease, and five patients with biopsy proven cirrhosis of the liver. All had normal serum creatinine values. Table 1 gives clinical and laboratory data.
Body weight, diet, and clinical condition were unchanged during the time used for the examinations. The mean body weight was identical in both groups. Age was, on average, 55 % lower in the control group. Control subject no. 2 had been taking 25 mg diazepam per day and 10 mg nitrazepam per day for several months, and 200 mg amitriptyline per day for three weeks before the investigation, and his clearance of antipyrine is not included. The remaining control subjects did not take drugs regularly. All patients except no. 11 had suffered from hepatic coma or ascites. Patient no. 9 had slight ascites at the time of investigation. Patient no. 7 was treated with prednisone 5 mg per day. Informed consent was obtained in all cases.
The subjects were fasted for 15 hours before and during the investigation. Amino acids were given as a continuous intravenous infusion of Intramin 11 % (Vitrumt) by a volumetric infusion pump (Valleylab) The total body water was estimated as the volume of distribution of antipyrine10 less than one week before the examination. It amounted to 55 % of the body weight in both groups (Table 3) .
L was estimated in each subject less than one week (Table 3) .
Results Table 2 gives the mean plasma concentrations and urinary excretion rates before the infusion, and the values obtained at the end of infusion-that is, after six, 12, or 24 hours. The initial plasma a-amino nitrogen concentration was 37% higher in the patients with cirrhosis than in the control subjects. During the infusion it rose rapidly for the first four hours, later more slowly. Final concentrations were identical in both groups and 4-7 times higher than initial values. After end of the infusion the concentration had returned to the initial level after 14 hours (range nine to 25). Blood urea nitrogen concentration rose threefold in both groups. The rise was nearly linear for the first eight to 12 hours, thereafter relatively smaller. The decline was slow, so that in no case was blood urea nitrogen back to initial concentrations 24 hours after the end of the infusion.
Urinary urea nitrogen excretion rate (Table 2) rose on the average six times in the control subjects and four times in the patients with cirrhosis. In nos. 3, 4, 5, 7, and 11 a constant excretion rate was approximated after 6.5 hours (range two to 12 hours). When the infusion ended the accumulated urea was excreted but in none of the cases had the excretion rate returned to initial rate 24 hours after the end of the infusion.
Urinary a-amino nitrogen excretion rate showed the same relative increase (25 to 30 times) in both groups.
Before the infusion urea nitrogen synthesis rate was the same in both groups (Table 2) . During the infusion it rose nine times in the control subjects and seven times in the patients with cirrhosis. After the end of the infusion it was back to the initial value after 14 hours (range nine to 25 hours). When the infusion ended accumulation of urea in the total body water contributed on the average 43 % of the urea nitrogen synthesis rate (range 30-68) in both groups. With declining plasma urea nitrogen the accumulation was negative.
Initially, the plasma ammonia concentration was 19 ,umol/l (SD:4) and 45 , umol/l (SD:15) in the controls and the patients, respectively (p <00025). Six hours after the infusion began it was 2.6 times higher in both groups, and 12 hours after the end of the infusion it was back to the initial value in all subjects. No consistent change was seen in the plasma glucose concentration. Figure 1 shows the relation between urea nitrogen synthesis rate and mean peripheral plasma a-amino nitrogen concentration in the same sampling interval for the control persons. Observations from each individual are connected in chronological order by lines. Figure 2 gives the corresponding data for the patients with cirrhosis and the tolerance limits of the control material for comparison. The urea nitrogen synthesis rate rose linearly with the plasma amino nitrogen concentration in all cases.
By linear regression the intercept with the x-axis was positive except for nos. so except in nos. 2, 10, and 11. Table 3 gives the individual equations. The slope obtained in the control persons varied from 15-7 to 28-9 l/h, the individual values being significantly different (p <0001, regression in groups).12 The slope in the patients with cirrhosis was between 6-4 and 24-3 1/h, and was, on average, 40 % lower than in the control subjects (p <0-025).
In control subject no. 1 the investigation was repeated after an interval of one month. The slope of the second regression analysis was 24.5 1/h and not significantly different from the first one (P>0 10). Figure 3 shows the relation of the calculated slope to the galactose elimination capacity and the clearance of antipyrine. A statistically significant correlation with both liver function measures was found.
Discussion
Estimation of hepatic urea synthesis rate from aamino acids by the method used is based on the two assumptions that urea is eliminated only by urinary excretion and breakdown by intestinal flora, and that changes in the urea pool of the body can be accurately measured. Vilstrup urea and the total body water were determined less than one week before the amino load. As body weight, diet, and general clinical condition were stable during that time, probably no major changes occurred in these two measures.
The critical points of the first assumption are twofold. Firstly, the fraction of newly synthesised urea broken down by bacterial action should be relatively independent of the urea synthesis rate, as it cannot be determined simultaneously. The studies performed by Gibson et al.13 indicate that this is the case. Secondly, 14CO2 formed by bacterial hydrolysis of urea should not be reutilised for urea production in the liver. According to Long et al.14 reutilisation of more than half of the carbon does take place, which means that the urea breakdown is underestimated. However, urea breakdown constituted only about 13 % of the urea synthesis rate and the error committed by neglecting reutilisation, therefore, is assumed to be negligible. The second assumption is related to the distribution of urea in the body. It is well established that urea is distributed in the total body water, and that this is adequately measured by antipyrine.l' However, during rapid changes in plasma urea concentration full equilibration may not be maintained. Errors arising from this source will be in opposite directions during rising and falling concentrations, respectively, and data obtained during those conditions were therefore compared. In most cases, identical urea synthesis rates were found in relation to a given plasma a-amino nitrogen concentration at rising and falling levels, but in four (nos. 4, 7, 8, and 10) it was lower during falling concentrations. In these cases the distribution of urea in its volume of distribution therefore may have been incomplete. Other data from these studies-for example, total body water, and rate of change of urea plasma concentration-gave no clue to the phenomenon. However, if estimates are made during rising as well as during falling concentrations, the errors will tend to cancel out.
Interpretation of the observations in terms of liver function might be in terms of substrate/product conversion. This is physiologically meaningful if different amino acids are not handled differently by normal subjects and those with cirrhosis and if the conversion of all a-amino acids involved have identical kinetic constants with respect to urea synthesis-or if one of the infused amino acids is primarily responsible for ureagenesis. Sufficient data to elaborate these assumptions are not available at the moment, but, until rejected, they are accepted as a basis for quantification. The linear relation between urea synthesis rate and a-amino acids indicates that saturation of the urea synthesis did not take place. It suggests first order kinetics in the examined range of a-amino nitrogen concentrations that can be described by the clearance concept. It is here designated 'functional hepatic nitrogen clearance ' (FHNC) and defined as the slope of the relation between urea nitrogen synthesis rate and peripheral ac-amino nitrogen concentration with the dimension litres per hour. This linear relationship was also found by Rafoth et al.l' after a protein meal, increasing the plasma a-amino concentration to 7 mmol/1. The FHNC calculated from their data is on the average 17-5 1/h in normal persons, which is of the same order of magnitude as the value 22.4 1/h found in the present study.
A different kinetics was presumed by Rudman et al.4a for estimation of 'maximal rate of urea synthesis ' (MRUS) , implying saturation of the urea synthesis rate at plasma ac-amino concentrations above 11 mmol/1.17 However, the calculated urea synthesis rate in that study, assumed to be maximal, is only 50% of the highest synthesis rate seen in the present investigation. One explanation of this discrepancy may be that the criterion for saturation of the urea synthesis rate used by Rudman et al. was that the urinary excretion of urea did not rise further when the load of protein or amino acids exceeded a certain level. This was also observed in five cases of the present study, but the estimated urea synthesis rate continued to rise with the plasma a-amino nitrogen concentration because of rapid accumulation. Thus the phenomenon may reflect a maximum urinary urea excretion rate at a given urine flow. Furthermore MRUS was measured at least eight hours after the start of the amino acid infusion, at which time equilibrium between infusion rate of amino nitrogen and urea synthesis is attained. The decreased MRUS in the patients with cirrhosis therefore is probably due to the lower infusion rate of amino acids used in these patients. The data of Rudman et al. are in agreement with our observations, in so far as approximately similar urea synthesis rates were obtained at comparable aamino nitrogen concentrations. In accordance, members of Rudman's group have recently reported results using a kinetic urea tracer method indicating that the 'maximal' rate of urea synthesis was not obtained in the earlier investigations.'8 It is reasonable to assume that hepatic urea synthesis is a saturable process, but apparently maximum rates require a-amino nitrogen concentrations that are unfeasibly high in clinical studies because of the nausea and vomiting that they cause.
One difficulty in applying the clearance concept to urea synthesis from a-amino acids is that urea synthesis is zero at a positive a-amino nitrogen concentration (on the average 1-7 mmol/l The patients with cirrhosis were able to cope with the large amino nitrogen loads given, confirming the abundant capacity of the urea synthesis system. A given synthesis rate in the patient, however, required concentrations of a-amino nitrogen higher than in the control subjects. Thus, equilibrium between supply and removal of nitrogen was attained at a higher concentration level of amino acids. This may play a part in the clinical manifestations of hepatic insufficiency.
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